INTRODUCTION
Neurofibrillary tangles (NFTs) accumulate in the neurons and glia in brains of patients with several neurodegenerative diseases, including Alzheimer's disease (AD), Down's syndrome, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), Pick disease and a number of familial frontotemporal dementias with Parkinsonism linked to chromosome 17 , and the frequency of their occurrence in neuronal tissue has been correlated to the progression of the disease (1) (2) (3) (4) (5) . The NFTs are composed of straight filaments and paired helical filaments (PHFs) and the morphology of the PHFs is characteristic of the disease pathology. For example in AD, the PHFs appear either as twisted ribbons or pairs of protofilaments wound around one another in a left-handed helical sense with a width alternating between 10 and 20 nm and a half-periodicity of 80 nm while in Pick disease, the PHFs are slightly wider and have a half-periodicity near 200 nm (4, (6) (7) (8) . However, immunological and biochemical evidence suggests that in all of the above neurodegenerative diseases the PHFs are composed of the microtubule-associated protein tau (1-4, 9, 10) . addition of 1 to 5 µL of 1 M NaCl to a solution containing 2.2 µM peptide and 10 µM ThS.
Fluorescence was followed at 480 nm with excitation at 440 nm using 5 nm excitation and emission slit widths. All measurements were carried out at 21 o C with a Perkin Elmer LS50B spectrofluorimeter using a 75 µL quartz cell. Data points were collected at 1 s intervals over the course of the experiment (1200 to 7000 s). Apparent first-order rate constants were estimated by fitting the base-line corrected data to a single exponential, consistent with a seeded nucleationelongation mechanism (45-48). A two-parameter fit was carried out using the equation were I t and I f are the fluorescence intensities at time t and at equilibrium, k 1 is the apparent first-order rate constant. I f and k 1 were treated as adjustable parameters and fit to the first 2,000 data points.
X-ray diffraction. The sample peptides were analyzed under different conditions: lyophilized (L), vapor-hydrated (VH), and solubilized then dried (S/D). For the first condition, the lyophilized peptide was gently packed into a thin-walled siliconized glass capillary (0.7 mm diameter; Charles A. Supper Co., South Natick, MA) to form a disk. The vapor hydrated sample was prepared by equilibrating lyophilized peptide against water-vapor in a sealed capillary tube.
For preparing solubilized/dried peptide assemblies, lyophilized peptide was dissolved at ~5-10 mg/ml in water, loaded into capillary tubes, and then allowed gradually to dry under ambient temperature and humidity while in a 2-Tesla permanent magnet (Charles A. Supper Co.), which
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can promote fibril alignment by diamagnetic anisotropy of peptide bonds and aromatic groups (49, 50). After the peptide solution dried to a small, uniform disk, the capillary tube was removed from the magnetic field and transferred to the sample holder for x-ray diffraction.
The X-ray diffraction patterns were obtained using nickel-filtered, double-mirror focused CuKα radiation from an Elliott GX20 rotating anode X-ray generator (GEC Avionics, Hertfordshire, England) with a 200 µm focal spot, operated at 35 kV and 35 mA. A helium tunnel was placed in the x-ray path to reduce air scatter. Patterns were recorded on Kodak DEF films (Rochester, NY, USA). The known Bragg spacing of calcite (3.035 Å) was used to calibrate the specimen-to-film distance (87.4 mm). The Bragg spacings of reflections were measured directly off from the film or from densitometer tracings of the X-ray films.

RESULTS
Tau-related peptides used in this study. The peptides studied were analogs of PHF6 (VQIVYK), a peptide homologous to a segment within the third MTBR of tau (30) . PHF6-related hexapeptides having single amino acid substitutions (I → V, Y → A, Q → V) and N-terminal truncated analogs were prepared in order to study the filament-forming potential of these related structures. Since charge distribution has been shown to have a profound effect on the propensity of peptides to aggregate into filaments (51, 52), the peptides studied were prepared as Nacetylated peptide amides. In the absence of amino and carboxylate terminal charges, the blocked peptides closely mimic peptide segments within the protein structure. Primary structures and molecular weights of peptides used are shown in Table 1 .
Aggregation kinetics. AcPHF6KE, an analog of AcPHF6 with its positively charged Cterminal lysine replaced by a negatively charged glutamate, spontaneously formed a gel in distilled water or in the presence of strong hydrogen bond-breaking solvents (i.e., 99% formic acid or HFIP). All other N-acetylated peptide amides studied appeared soluble in distilled water but rapidly formed viscous solutions following the addition of NaCl.
We used the change in fluorescence upon binding of ThS to monitor the polymerization of peptide initiated by the addition of NaCl to the buffered medium. Under these conditions unblocked PHF6 showed no aggregation within the experimental time frame. Initial polymerization kinetics for the remaining acetylated peptide amides (as shown in Fig. 1A) followed a single-exponential approach to equilibrium, consistent with a seeded nucleation-
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elongation mechanism (48). Similar kinetic behavior has been observed for polymerization of short amyloidogenic peptides and for heparin or arachidonic acid catalyzed polymerization of tau constructs at high protein concentrations (18, 31, 46, 47, (53) (54) (55) . At later times there was a deviation from single-exponential kinetic behavior for AcPHF4, likely as a result of the formation of higher order aggregates, and AcPHF6IV continued to show an increase in fluorescence, in a manner similar to that previously observed for transthyretin polymerization
(56).
Apparent first-order rate constants are summarized in Table 2 . The results show that AcPHF6 had the most rapid aggregation rate and that the rate was decreased by N-terminal truncation. A plot of the logarithm of the apparent first-order rate constant as a function of the number of residues in the peptide (Fig. 1B ) yielded a linear relationship (r 2 =0.93). Changing Ile → Val or Gln → Val in the AcPHF6 sequence decreased the polymerization rate nearly three-fold in comparison to AcPHF6 while changing Tyr → Ala decreased the rate nearly ten-fold.
CD of tau-related peptides. Fig. 2 shows the CD spectra of tau-related peptides in 5 mM MOPS buffer, pH 7.2. The CD spectra displayed by these peptides were of three types.
Type A spectra, which had an intense negative band between 195 and 200 nm and a weak negative shoulder near 220 nm, are typical of proteins with a high fraction of random coil or polyproline II structure or of some β II proteins having a high fraction of truncated or twisted β-sheet structure (57) (58) (59) (60) (61) . Peptides with Type A spectra included AcPHF6YA, PHF6 and It has previously been demonstrated that both filamentous and soluble forms of amyloidogenic proteins contribute to their observed CD and that the fraction of aggregated forms may be estimated from the content of β-sheet structure (56, 63) . While estimating secondary structure for short peptides in which there is a significant contribution to the CD from aromatic residues is difficult (57) (58) (59) (60) (61) (62) (63) (64) , our data show that peptides which display spectra more characteristic of random coil, such as PHF6, AcVYK and AcPHF6YA, also have the slowest rates of polymerization. On the other hand peptides which have rapid rates of polymerization, such as AcPHF6, AcPHF5, AcPHF4, AcPHF6QA and AcPHF6IV, display CD spectra more characteristic of β-sheet (Type B or C).
FTIR spectra of tau-related peptides. Whereas the CD and ThS binding studies can be
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used to provide kinetic and structural information of the peptides in solution, FTIR can be used to provide structural information of fibrous peptides (65) (66) (67) (68) . Fig. 3 shows the amide I region of the FTIR spectra of AcPHF6, AcPHF5, AcPHF4, AcVYK and AcYK in D 2 O (~10 mg/mL) and spectral parameters are summarized in Table 3 . The presence of significant helical or unordered structure in AcPHF6, AcPHF5, AcPHF4 and AcYK but not in AcVYK is inferred by bands contributing to the spectra in the region between 1645 cm -1 and 1650 cm -1 . The spectra of AcVYK, AcPHF4 and AcPHF5 had multiple low frequency amide I bands between 1610 cm -1 and 1637 cm -1 , suggesting that the β-sheet structure in these peptides exists in multiple aggregation states (69, 70) . AcPHF6 and AcVYK were unique in that their IR spectra showed low frequency amide I bands between 1619 cm -1 and 1637 cm -1 , characteristic of β-sheet, but no high frequency component between 1684 cm -1 and 1704 cm -1 , characteristic of an antiparallel strand configuration. Hence, the data suggest that AcPHF6 and AcVYK have a parallel β-sheet configuration.
TEM of tau-related peptides. TEM examination of all peptides longer than AcYK
showed that they formed abundant filaments in water or MOPS buffer, pH 7.2. The filaments were composed of two parallel protofilaments, 5±1 nm in width and 1-2 µm in length.
Representative examples are shown in Fig. 4A -C. Protofilaments of the tripeptide AcVYK appeared loosely associated with one another and frequently were seen as untwisted bundles.
Although ribbon-like and fibrillar structures have previously been reported to be formed from Tau Peptide Filaments tetra-and pentapeptides (71, 72) , to our knowledge AcVYK is the shortest peptide yet reported capable of forming filaments.
Although a detailed time-dependent study was not undertaken, preliminary results suggest that filaments observed immediately after dissolution of AcPHF6 lyophilized powder were identical in morphology to filaments observed following several days of aging. These results were consistent with FTIR of the powder which showed prominent peaks in the 1610 cm -1 -1640 cm -1 region, characteristic of β-sheet (data not shown).
Solutions of AcYK were estimated from CD and FTIR to contain β-sheet structure and also showed slow binding of ThS in kinetic studies. Therefore, we were hopeful of observing filaments formed from the dipeptide by TEM. Although we were unable to observe filaments, we did observe ~250 nm -1 µm globules and spherical particles when samples were prepared from buffer containing 0.15 M NaCl (Fig. 4D ).
Twisted filaments prepared from short peptides. It has been suggested that PHF6
interacts with another homologous sequence in the MBTR, PHF6*(VQIINK), to form a nucleus upon which twisted filaments are built (19, 30) . Based on these findings, we attempted to form PHFs by mixing two different peptides, which individually formed straight amyloid-like filaments. Our hypothesis was that hydrogen-bonding interactions between the two peptide fragments would mimic similar interactions between sequences of tau distant from one another in the protein structure.
Tau Peptide Filaments
Fig. 5 shows filaments observed by TEM after mixing AcPHF6 with AcVYK tripeptide in MOPS buffer, pH 7.2. In Fig. 5A , obtained shortly after mixing, four 6.7±0.5 nm protofilaments are seen to align laterally to one another making a ribbon-like structure 27±1 nm in width (center of panel). These ribbon-like structures begin to twist to form loosely twisted filaments with a width which varies between 8±1 nm and 20±2 nm and a half-periodicity of 153±5 nm. In some cases, frayed protofilaments can be seen at the ends of the twisted filament structures (white arrows). Filaments observed 2 days after mixing (Fig. 5B) had a slightly tighter, more uniform twist with a width that varied between 8±1 nm and 19±1 nm and a halfperiodicity of 94±4 nm. The morphology of these twisted filaments is similar to the morphology observed for PHFs which have a width that varies between 10 and 20 nm and a half-periodicity of 80 nm.
X-ray diffraction from tau-related peptides. Diffraction patterns of tau-related peptides
AcPHF6, AcPHF5, AcPHF4, and AcVYK from three different states of preparation (lyophilized, vapor-hydrated and solubilized/dried) showed a sharp reflection at 4.7 Å spacing. In addition, solubilized/dried AcVYK, lyophilized AcPHF4, and solubilized/dried AcPHF6 showed ~10Å and 3.8Å reflections, which are characteristic of an orthogonal unit cell of the β sheet, where the unit cell dimensions along the H-bonding, chain, and intersheet axes are a=9.4Å, b=6.6Å and c=~10Å ( Fig. 6 and Table 4 ). These reflections were assigned Miller indices of (200) for 4.7 Å, (210) for 3.8 Å, and (001) for 10 Å. Peptide AcPHF5 which has Gln at its N-terminus did not show distinct 3.8 and 10 Å reflections, indicating that the β sheets in these peptide assemblies Tau Peptide Filaments may be limited in the intersheet and chain directions. All samples of AcVYK, AcPHF4, AcPHF5, and lyophilized and vapor hydrated samples of AcPHF6 showed spherically-averaged intensity, indicating that the scattering objects in these assemblies were distributed randomly. By contrast, solubilized/dried AcPHF6 gave oriented pattern showing cylindrically-averaged intensity, as expected in fiber diffraction where the fiber axis is along the direction of the 4.7 Å reflection. Since the meridional axis was assumed to be along the H-bonding direction (vertical), the equatorial scatter was interpreted as arising from the packing of fibers. The ~10 Å-intersheet (001) reflection, therefore, was on the equator (i.e., normal to the fiber axis), and the (210) reflection at 3.8 Å spacing was off-meridional, on the 4.7 Å-layer line. These reflections indicate that the β chains were running nearly normal to the fiber direction, i.e., in "cross-β" arrangement. Because the peptides AcVYK, AcPHF4, AcPHF5 gave sphericallyaveraged powder diffraction rather than fiber diffraction patterns, their cylindrical axes (i.e., fibril direction) could not be determined experimentally. However, the sharpness of the 4.7 Å reflection indicated that the coherent domain size along the 4.7 Å H-bonding direction was large. Therefore, in these samples the scattering object was elongated along the H-bonding direction in the same way as in cross-β structures.
In one or more of their hydration states, solubilized/dried AcVYK, lyophilized and solubilized/dried AcPHF4 and solubilized/dried AcPHF6 all showed low-angle reflections. The pattern of solubilized/dried AcVYK showed the reflection at 52 Å which may arise from the interference between the fibrils with the separation of 57 Å according to 52 x 1.1 where 1.1 came
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from the first intensity maximum of the J 0 Bessel term (73) . The lyophilized AcPHF4 gave low-angle concentric reflections which could be indexed by an apparent one-dimensional lattice of 64 Å-periodicity arising from the periodic intensity maxima of a J 0 Bessel term (73) . The solubilized/dried AcPHF6 gave an oriented diffraction pattern where the low-angle equatorial reflections were indexed by an apparent one-dimensional lattice of 95 Å-period. Of the peptides, AcPHF5 alone did not give a macro-assembly, suggesting that the Gln residue at the N-terminus may preclude the longer-range order required for such a structure.
DISCUSSION
TEM results for all peptides, other than AcYK, showed that they formed filaments composed of two parallel protofilaments, each 5±1 nm in width, and 1-2 µm in length. In addition, X-ray diffraction data of AcPHF6 and for AcPHF5, AcPHF4 and AcVYK showed the omnipresent 4.7 Å reflection characteristic of the hydrogen bonding distance. The sharpness of this reflection likely indicates that the direction of the hydrogen bonding between β chains is parallel to the fiber axis in a cross-β conformation. Frequencies of amide I bands in the FTIR of AcPHF5 and AcPHF4 suggest that these peptides assume an antiparallel β-sheet configuration while the spectra AcVYK and AcPHF6 suggest a parallel configuration.
Both configurations have previously been observed in amyloid formed from other amyloidogenic peptides (74) .
While it has previously been shown that peptide sequences as short as a tetrapeptide are
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able to aggregate into filaments having an amyloid appearance (71, 72) , it was quite surprising to us that a peptide as short as a tripeptide was able to form amyloid. Furthermore, it is noteworthy that all peptides within the N-truncated AcPHF6 series produced ~50 Å wide protofilaments, independent of the length of the peptide chain. This suggests that at least in the case of the AcPHF6 peptides, protofilaments ~50 Å in width are especially stable. Since β-structure has a translation of 3.2-3.4 Å per residue, the peptide chains must either align end-to-end or partially overlap in a "brick-wall" arrangement in order to span the width of the protofilament. A similar configuration of peptide chains has previously been proposed for amyloid peptidomimetics (75,
76).
We measured the polymerization kinetics of all PHF6-related peptides by following the binding of ThS, a flavin dye known to preferentially bind to peptide aggregates having cross-β structure (45). All of the peptides, except for PHF6, were structurally similar in that they had a single uncompensated terminal charge at the C-terminal preceded by one or more N-terminal hydrophobic residues. It is noteworthy that all of the acetylated peptide amides aggregated with faster overall kinetics than the unblocked PHF6 peptide. This finding is in agreement with those of others who found that fibrils were only observed when the molecule carried a net charge of ±1 (51). One blocked peptide in which the C-terminal Lys was replaced by Glu, AcPHF6KE, formed viscous solutions in strong hydrogen bond-breaking solvents and was insoluble in aqueous media, suggesting that this peptide rapidly formed amyloid. All other N-acetylated peptide amides studied appeared soluble in distilled water but rapidly polymerized in the Frequently, conservative amino acid residue substitution or N-terminal truncation of short amyloid forming peptides leads to amyloid incompetency (51- 54, 72 ) . This "all-ornone" effect has made it quite difficult to assess the contribution of individual amino acid residues to the amyloid forming potential of peptides and proteins. The AcPHF6 series of peptides, however, appear to be unique in their ability to tolerate structural changes and continue to form amyloid, albeit at a reduced rate. We have used kinetic parameters as a measure of "amyloid forming potential", in the same manner in which they have been used previously (18, 29-31, 34, 53, 54) . We found that the rate of amyloid formation increased exponentially with the length of the peptide in going from AcYK → AcPHF6, independent of the type of residue added. The analogs in which one amino acid residue is substituted internally for another all showed decreased rates of polymerization relative to the parent hexapeptide. There is about a three-fold decrease in the polymerization rate for AcPHF6IV and PHF6QV but nearly a ten-fold decrease in the rate of AcPHF6YA. The importance of Tyr and Phe residues in amyloidogenic peptide sequences has previously been attributed to favorable aromatic π-stacking interactions (34, 53, 54) . However, a common motif in these short amyloidogenic peptides seems to be a series of hydrophobic residues followed by a polar or charged residue (72) . The substitution of
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Tyr for Ala in AcPHF6YA results in a less hydrophobic sidechain next to the charged Lys residue (78), leading to a reduced rate of polymerization.
Since polymerization in the absence of added NaCl was slow, the observed CD spectra reflect contributions of random coil peptides in solution and of β-sheet peptides in the preamyloid and amyloid states. Spectra of PHF6, AcPHF6YA and AcVYK were characteristic of unordered structure (Type A spectra), implying that a relatively small fraction of these peptides exist in a pre-amyloid or amyloid state. In contrast, peptides AcPHF4, AcPHF5, AcPHF6, AcPHF6IV and AcPHF6QV polymerized more rapidly and their spectra reflected a greater fraction of β-sheet structure (Type B and Type C spectra). These results suggest that the relative rates of polymerization in the presence of NaCl are preserved in its absence.
While AcYK did not form filaments, it did form large crystalline-like spherical and globular structures similar to nonfibrous structures formed by tau (33) , bovine phosphatidylinositol-3-kinase (38), β2-microglobulin (37) and Aβ amyloid peptide (36, (39) (40) (41) (42) . These structures are frequently seen before the appearance of fibers and it has been proposed that they are intermediates in amyloid formation (79) . If it is assumed that the smallest nucleation site is a peptide of the general structure (X) n K (or K(X) n ), where n≥2 and X is a residue frequently found in β-sheet, then there are several potential nucleation sites in tau which satisfy this criteria (30, 80) .
If the criteria for a potential nucleus is broadened to include the general structure (X) n Z (or Z(X) n ), where Z is a charged residue and X is a residue frequently found in β-sheet, then the number of potential nuclei for amyloid formation in tau becomes much larger. Amyloidogenic nuclei in other protein fragments which form filaments also appear to follow this motif including NAGDVAFV (underlined sequences follow the Z(X) n motif) from lactoferrin (81), KLVFFAE (amphiphilic with charged residues at both ends) from Aβ peptide (82) , and NFLVHSS from human islet amyloid polypeptide (IAPP) (54) . The motif also serves as a basis for a family of other amyloid forming hexapeptides (51).
Phosphorylation of threonine or serine in tau could potentially convert a polar amino acid into a charged amino acid, providing a mechanism for generating the (X) n Z motif, where Z represents a charged phosphoserine or phosphothreonine. However, inspection of the tau sequence shows that serine and threonine residues do not occur near other residues predicted to form β-sheet (X n ). Instead, most occur near prolines, known β-sheet breakers or other charged residues. However, our results do not eliminate the possibility that other amyloidogenic nuclei can be generated upon serine or threonine phosphorylation.
Our data show that mixtures of short peptides AcVYK and AcPHF6 produce twisted filaments with widths varying between 9 and 20 nm and a half-periodicity of 90 nm, similar in morphology to PHF. These results suggest that it is the interaction between amyloid nuclei in Tau Peptide Filaments the tau sequence which leads to PHF morphology. This conclusion is consistent with previous findings that sequences remote from the MTBR, such as the N-terminal inserts and the C-tail of tau, may affect tau polymerization and filament morphology (33, 34) .
One of our TEM images taken shortly after mixing AcPHF6 and AcVYK (Fig. 5A) provides some insight as to how PHF morphology is formed from protofilaments. The image shows four laterally arrayed protofilaments beginning to twist, creating a twisted ribbon morphology. In images taken one week after mixing, no filaments were found, suggesting that In summary, our results confirm previous findings that aromatic residues neighboring charged residues are particularly amyloidogenic (34, 53, 54, 72) and that very short amphiphilic peptide sequences may act as nuclei for amyloid formation. The solid line represents the best-fit through the data points (r 2 = 0.93). Fig. 2 . CD spectra of peptides in 5 mM MOPS buffer, pH 7.2. Typically spectra were acquired on ~1mg/mL peptides using a cell with a 0.2 mm path length following at least 4 days of aging at room temperature. Parameters are summarized in Table 3 . The band between 1670 cm -1 and 1674 cm -1
arises from TFA, a contaminant of the HPLC purification procedure. Numbers in parenthesis are errors (95% confidence) determined from the least-squares fit.
PHF6 showed no measurable aggregation in the experimental time frame. PHF6KE showed extensive aggregation prior to the addition of NaCl and could not be measured. 
